Introduction
A great earthquake occurred on the Macquarie Ridge, south of New Zealand on May 23, 1989 . The epicentral parameters given by NEIS are the following: the origin time, 10:54:46.3 GMT; location, 52.341 'S, 160.568' E; depth, 10 km; and Ms, 8.2 . This earthquake is probably the largest event since the 1977 Indonesian (Sumba) earthquake (Ms 7.9, Mw 8.3) or the 1979 Colombia earthquake (Ms 7.7, Mw 8.2). As we will show in this paper, this event has a strike-slip mechanism. No strike-slip event of this size has been ever recorded instrumentally before. Another interesting feature of this event is that small tsunamis were observed on the southern coast of Australia despite the strike-slip mechanism of the earthquake.
The Macquarie Ridge extends south of New Zealand and forms a plate boundary between the Pacific and Australia plates. Large earthquakes which have occurred there in the past were extensively studied by Copyright 1990 by the American Geophysical Union.
Paper number 90GL00714; 0094-8276/90/90GL-00714$03.00 997 Ruff et al. [1989] . They found that the mechanism of large events had bimodal distribution; either strike-slip along the ridge axis or dip-slip with the Australia plate subducting beneath the Pacific plate. Ruff et al.[1989] interpreted this complexity as an initiation of the subduction process in this region.
In this paper, we determine the fault parameters of the 1989 Macquarie Ridge earthquake, using seismic surface waves and body waves and compute tsunamis using fault models derived from the seismic data.
Surface Wave Analysis
We made a Centroid Moment Tensor (CMT) inversion [Dziewonski et al., 1981; Kawakatsu, 1989 ] using long-period surface waveforms recorded at 11 stations of the GDSN and the IRIS network. We used Rl, R2 and Gl, G2 at AFI, ANTO, BCAO, BJI, CMB, CTAO, KEV, MDJ, WMQ (GDSN), PAS, and HRV (IRIS). At five stations (AFI, BJI, KEV, MDJ, and WMQ), Rl and G.c are off-scale and could not be used. The azimuthal coverage of the stations is fairly good if we consider the symmetrical nature of surface wave radiation pattern. We fixed the depth at 10 km in the earth model 1066A.
The result of CMT inversion is summarized in Table  1 . The T-axis is 1.8 X 10 21 Nm (pl. 27 ' , az. 350 ' ), the P-axis is 1.4 X 10 21 Nm (pl. 9 ' , az. 85 ' ), and the N-axis is 0.4 X 10 21 Nm (pl. 62', az. 192' ) . If we decompose this moment tensor into a best double couple and a CLVD, the best double couple has a scalar seismic moment of 1.6 X 10 21 Nm. The deviation from double couple which is expressed by E, the ratio of the minimum (absolute sense) to the maximum eigenvalue, is 0.23. The moment magnitude Mw is computed as 8.1 from the scalar moment. The mechanism of the best double couple is almost pure strike-slip as shown in Figure 1 . The nodal plane that is parallel to the Macquarie ridge axis is likely to be the fault plane. The motion on this plane is right-lateral. The centroid time is 30 sec, very small for an earthquake of this size. This solution is similar to that obtained by Dziewonski et al. [1990] .
Body Wave Analysis
The GDSN stations usable for body wave analysis (i.e., distance range of 30' and 100') are very few, especially in some azimuths. We used the records from the GEOSCOPE [Romanowicz et al., 1984] and IDA [Agnew et al., 1986] networks in conjunction with the GDSN records. By combining the above three network stations, the station coverage becomes very good. We use P and S waves recorded on a broadband channel (one of BRB, VBB, BB, or MH). All the records are first deconvolved with their individual response, convolved with the WWSSN (LP) response, and decimated at 1 sec intervals. Thus the waveforms from different networks can be directly compared to each other. Figure 2 shows the P and SH waveforms with station locations plotted on a focal sphere.
We applied a multiple deconvolution method of P and SH waves [Kikuchi and Kanamori, 1989] . In this method, the observed seismograms are matched by synthetic seismograms computed for a sequence of subevents distributed on the fault plane. We compute Green's functions for five independent moment tensor elements, and represent the waveform by a linear combination of the Green's functions from subevents. By minimizing the difference between the observed and synthetic seismograms, we determine the moment tensor or mechanism of each subevent as well as their spatial and temporal location. The point sources are distributed in the strike direction (35') determined from the CMT solution with an interval of 20 km. The Green's functions are computed from each point source for a simple earth model consisting of a water layer (2 km thick), crust, and mantle. We fix the depth at 10 km since the depth resolution of body wave is generally poor and there is a trade-off between depth and moment estimates. The source time function for each subevent is assumed to be a triangle with rise and fall times of 5 sec respectively. The result of the deconvolution is summarized in Figure 3 and Table 2 . Only four major subevents are shown. All the subevents show a strike-slip mechanism similar to that obtained from surface waves. The four subevents are located successively from south to north at 40 km interval and the total extent is about 120 km. Deviation from a double couple is fairly small for all subevents except No. 2. The total time duration for the four subevents is about 30 sec. Apparently the rupture propagated towards the north with a rupture velocity of about 4 km/s. The sum of the seismic moments of the four subevents is 1.1 X 10 21 Nm, which is slightly smaller than that from surface waves. The difference is probably due to the difference in period between surface and body waves. 
Fault Parameters
To estimate the fault parameters such as length L , width W, the average slip D, and static stress drop 6.cr, we need seismic or geological information other than the seismic moment, because seismic moment merely gives a product of L, W, D, and the rigidity µ. The fault length can be estimated to be about 120 km from the subevent distribution obtained in the last section. The aftershock distribution seems to support this estimate too. The aftershocks located by PDE are shown in Figure 1 . The epicenters are very scattered off the ridge axis, partly because of the poorly determined location for this remote earthquake. Four larger events are located right on the ridge over a distance of about 100 km. Two events just off the ridge are at the northern and southern extension. If we include them, the aftershock zone may be near 200 km long. In any case, the aftershock zone is abnormally short for the earthquake size.
The fault width is difficult to estimate particularly for a remote earthquake such as this event. Empirical relationships from many large earthquakes show that the aspect ratio (L / W) is roughly constant and approximately 2. If we apply this to the present case, the width is estimated to be 60 km. Since the dip angle is almost 90 ' , this requires that the fault extends as far deep as 60 km. It is very unlikely that this event cuts the upper mantle at such a depth. The depths of all the aftershocks shown in Figure 1 are constrained at 10 km but they are probably shallow. For large strike-slip earthquakes, such as the 1906 San Francisco earthquake and the 1976 Guatemala earthquake, the aspect ratio is much larger, about 20. Here we assume W =10 to 30 km. This depth range appears more reasonable for the depth extent of faulting.
If the fault area is 120 X 10 to 120 X 30 km 2 , the average slip, computed from the seismic moment assuming a rigidity of 5X10 11 dyne/cm 2 (X10 10 Pa), is 27 to 9 .m. The static stress drop for a strike-slip fault can be computed as 6.cr
. This gives an estimate of 850 to 90 bars (8.5 to 0.9 X10 7 Pa), significantly higher than the average for inter-plate earthquakes. A strike-slip fault produces vertical uplift and subsidence near the end of the fault. The maximum uplift and subsidence for a fault with D =9 m and W = 30 km are about 50 cm.
Tsunami Generation
There seems to be a common misconception that tsunamis are not generated by a strike-slip earthquake. Both observation and theory showed that this is not the case. The North Atlantic earthquake of 1975, a strike-slip event, generated observable tsunamis [Lynnes and Ruff, 1985] . Tsunamis were also recorded from the 1906 San Francisco earthquake. The tide gauge record at Fort Point (San Francisco) shows a very distinct arrival of tsunami with an amplitude of 10 cm. Ward [1982] and Oka! [1988] computed excitation of tsunamis theoretically for several types of mechanisms, using normal mode theory and assuming that the ocean depth is uniform. They showed that the tsunami amplitude for a strike-slip source is about a factor of 3 to 4 smaller than that for a dip-slip source.
We modeled and computed the generation and propagation of tsunamis from this earthquake. Using the vertical crustal displacement field computed from the fault parameters as the initial condition, tsunamis are computed by a finite-difference method for the actual bathymetry. The grid size of the bathymetric data is 5 min. Tsunami waveforms are computed at several points. Figure 4 shows the computed tsunami waveforms at Sydney, Australia and Wellington, New Zealand. Computed tsunamis arrive at these stations about 3 to 4 hours after the origin time. The amplitudes are very small; 2 to 5 cm at Australian stations and less than 1 cm at New Zealand stations. Tsunamis from this event were recorded at least at four tide gauge stations in southeastern Australia, southeast Tasmania and southeastern New South Wales [McCue, 1990] . The maximum peak-to-trough amplitude is reported to be 30 cm. We examined 12 tide gauge records from New Zealand but could not identify any tsunamis more than a few cm in amplitude. These observations suggest strong directivity for tsunami excitation; relatively large tsunamis at Australia compared to New Zealand. This tendency can be seen in the above computation. However, the amplitude of 30 cm on the Australian coast seems much larger than expected from our source model with W =30 km, even if we take into account local resonance at the harbor or bay. If we use W=lO km, the estimated tsunami height would be approximately three times larger, and is comparable to that reported in Australia. We need to further examine tide gauge records from these stations before we constrain the fault model from tsunami data.
Conclusion
Seismological observation of the Macquarie Ridge earthquake shows that the duration and fault size are very small for an event with Mw=8.l. A large slip (more than 9 m) on the fault plane is required to explain the seismic moment. This large slip produces a large amount of uplift and subsidence at the edge of the fault which excites tsunamis. More data, particularly tsunami records from Australia, will help to better constrain the fault model and clarify the source process of this unusual earthquake.
